Introduction

0
Fish and other aquatic organisms exhibit unconditioned orienting responses (rheotaxis) to water 1 0 8 they are a benthic fish and in constant contact with the river bed. Thus, when deprived of visual 1 0 9 cues, mid-water fish may need to alter their behavior so that they are periodically in contact with 1 1 0 the substrate to provide a (tactile) external frame of reference, as suggested by Lyon (1904) and 1 1 1 Baker and Montgomery (1999a) . The effect of these fundamental differences in sensory input on 1 1 2 behavioral output remains largely undocumented, except in the context of obstacle entrainment 1 1 3 behaviors (Sutterlin and Waddy, 1975; Liao et al., 2003; Montgomery et al., 2003 i  s  s  t  u  d  y  w  e  r  e  a  p  p  r  o  v  e  d  b  y  t  h  e  B  o  w  l  i  n  g  G  r  e  e  n  S  t  a  t  e  U  n  i  v  e  r  s  i  t  y  '  s  I  n  s  t  i  t  u  t  i  o  n  a  l  A  n  i  m  a  l  C  a  r  e  1  5  6   a  n  d  U  s  e  C  o  m  m  i  t  t  e  e  .  1  5  7   1  5  8 Experimental Set-Up 1 5 9
Fish were tested in the working area (25 x 25 x 25 cm) of a flow tank similar to the one reported disabled), upwelling light was produced by a matrix of IR emitting diodes located directly below 1 7 0 the working arena. A white plastic sheet on the bottom of the tank served as a diffuser for 1 7 1 upwelling light sources. Fish behavior was recorded with a video camera (with IR light detecting 1 7 2 capabilities) located directly above the working arena.
7 3
Turbulence created by the impellers was reduced with three collimators: one course and 1 7 4 one fine collimator at the upstream end and one course collimator at the downstream end. Coarse 1 7 5 collimators were constructed of either large (1 cm) or small (0.5 cm) diameter soda straws, each 1 7 6 3 cm long. The fine mesh tank dividers at the upstream and downstream ends of the tank also 1 7 7 helped to reduce turbulence. 2  0  0  3  ;  v  a  n  T  r  u  m  p  e  t  a  l  .  ,  2  0  1  0  )  .  A  b  s  e  n  c  e  o  f  f  l  u  o  r  e  s  c  e  n  t  d  y  e  u  p  t  a  k  e  i  s  a  n  i  n  d  i  c  a  t  i  o  n  t  h  a  t  t  h  e  2  1  8   t  r  a  n  s  d  u  c  t  i  o  n  c  h  a  n  n  e  l  s  ,  a  n  d  t  h  u  s  t  h  e  f  u  n  c  t  i  o  n  a  l  v  i  a  b  i  l  i  t  y  o  f  h  a  i  r  c  e  l  l  s  ,  h  a  v  e  b  e  e  n  e  f  f  e  c  t  i  v  e  l  y  2  1  9   b  l  o  c  k  e  d  b  y  t  h  e  s  t  r  e  p  t  o  m  y  c  i  n  t  r  e  a  t  m  e  n  t  .  2  2  0 
Fish behavior in the flow tank was recorded at the rate of 5 frames/s, using a Sony Handicam finding is likely related to a unique sweeping behavior observed in LL+ fish at the low flow 3 1 2 speed (described later). Lateral-line deprived fish also showed weak tendencies for lower 3 1 3 rheotactic accuracy and streamwise positions that were further downstream. (Fig. 1B,C) . Fish headings were likewise restricted to a narrow region of upstream 3 2 6 directions centered on 0° (Fig. 1D ), resulting in a rheotactic index (0.97) very near its maximum 3 2 7
value (1.0) for positive rheotaxis (Fig. 1E ).
2 8
During the no-flow condition, fish headings and positions in the tank varied widely over Evaluating rheotactic metrics 3 5 0
In order to confirm the utility of the rheotactic index (RI) and how it varied with other 3 5 1 rheotactic metrics, we performed multiple Spearman's rank correlations among 6 different 3 5 2 metrics computed from the same pooled data set (n=96 for each metric) (Table 4 ). Although the 3 5 3
RI was significantly and positively correlated with vector strength (ρ = .595, p < .001), the 3 5 4
absolute value of RI was consistently less than the vector strength. This trend reflects the fact 3 5 5
that vector strength can be high even when there is a substantial deviation between the mean 3 5 6
observed direction and the upstream direction. Thus, the negative correlation between RI and 3 5 7 mean direction (ρ = -.824, p < .001) is much stronger than between vector strength and mean 3 5 8 direction (ρ = -0.514, p <.001).
5 9
RI was also strongly correlated with measures of rheotaxis based on the proportion of 3 6 0 video frames in which the fish's heading fell within ± 10°, 25°, 45° or 90° of upstream (Table 1, 3 6 1 Fig. 4 ). As to be expected, the proportion of upstream headings generally increased as the 3 6 2 angular criterion changed from very conservative (e.g., ±10°) to very liberal (e.g., ±90°) ( Fig. 4 ). 9 8 have increased the probability of wall-following behavior (thigmotaxis), which might arguably 4 9 9 compete with rheotactic tendencies, especially in low-speed flows. Lateral-line enabled wall-5 0 0 following behavior was indeed observed in the no flow condition, but there was little evidence 5 0 1 for this kind of behavior in either low or high-speed conditions. Rather, cross-stream sweeping 5 0 2 behaviors (Fig. 7A,B ,C) emerged at low flow speeds and these were quite distinct from wall-5 0 3 following behaviors (Fig. 7D,E,F) . all the various previous studies, it is conceivable that the flow in the present study was more 5 1 4 spatially uniform than that in previous studies. One possible consequence of this difference arises 5 1 5 from the likelihood that fish in a spatially uniform flow will be displaced directly downstream as 5 1 6 opposed to being buffeted around in other directions, as might happen in a spatially non-uniform 5 1 7 (or turbulent) flow. Thus, body-motion signals from the vestibular system about water-current 5 1 8 direction is likely to be less informative in spatially non-uniform flows than in uniform flows.
1 9
Degraded vestibular performance might thus decrease reliance on vestibular cues while and Montgomery 1999b). It might be argued that some of the previously tested species have evolved under conditions that favor heavy reliance on nonvisual information and, thus, lateral 5 2 6 line deprivation would be expected to cause larger behavioral deficits than those expected from 5 2 7 fish that rely more heavily on visual senses. While some species-specific differences likely exist, 5 2 8 unpublished data from this lab have failed to show an effect of lateral line ablation on solitary 5 2 9 blind cave fish, suggesting that species choice alone does not explain the observed lack of a 5 3 0 lateral-line effect. It remains possible that species-specific differences or other, methodological 5 3 1 factors act alone or in concert to produce the lateral line deprivation effect seen in previous 5 3 2 studies but not observed in the present study.
3 3
Despite potential differences between studies that may explain the absence of a lateral 5 3 4 line effect, there is little doubt that the lateral line system was effectively blocked in this study.
3 5
DASPEI uptake by lateral line neuromasts in streptomycin-treated fish was almost completely 5 3 6 absent compared to sham-treated fish and moreover, several behavioral effects of lateral line 5 3 7 blockage were observed, including the disappearance of cross-stream sweeping (Fig. 9A, B) and 5 3 8 wall-following (Fig. 9C, D) behaviors. The discriminant analysis furthermore showed that the 5 3 9 rheotactic behavior of lateral line enabled and disabled fish could be significantly discriminated, The fact that the sweeping behavior emerged in the dark at low speeds and was abolished when 5 5 2 the lateral line system was blocked suggests that this behavior may function as a compensatory The effects of sensory condition on spatial position 5 7 7
In this study, fish with vision were able to maintain their streamwise position for up to 5 7 8 three minutes (maximum test period) at different locations along the upstream/downstream axis 5 7 9 of the tank (red functions in Fig. 9E ) and without reference to any upstream bluff body, as Bold values indicate significance at p < .05.
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